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Resonant soft-x-ray inelastic scattering from Gd in the Gd3Ga5O12 garnet
with excitation across theM 5 edge
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We present resonant soft-x-ray scattering measurements across theM5 edge of Gd in Gd3Ga5O12. Below or
near the GdM5 edge the scattering is dominated by the elastic contribution, whereas the inelastic contribution
becomes dominant above the edge. The theoretical cross section is calculated in an ionic multiplet model, and
the spectra are simulated by including self-absorption and saturation effects. The calculations account for all
the measured features. It is shown that the inelastic contributions to the spectra are due to 4f spin-flip
excitations, bringing Gd to a lower spin state in the final state.@S0163-1829~97!01620-2#
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I. INTRODUCTION

In soft-x-ray spectroscopy a rapidly developing field
resonant x-ray scattering~RXRS!, mainly due to the use o
synchrotron radiation. Here we consider experiments
which a core hole is created by the incident photon via re
nant excitation in the threshold region, and is then neut
ized by a valence electron, with decay of the system to
ground state or to one of a manifold of excited states. T
RXRS spectral function is thusa priori dependent on the
incoming photon energyhn in and the outgoing photon en
ergyhnout. By measuring the outgoing photon energy in
experiment where several excitation energies are used,
has access to information that would be lost if an integrat
over the outgoing photon energy is made as, e.g., in fluo
cence total yield measurements.

The recent possibility of carrying out RXRS experimen
in the soft-x-ray range is of great help in the study of ra
earths, a field where, to the author’s knowledge, very limi
information is available,1,2 due to the difficulty of these ex
periments with low counting rate and very large se
absorption effects. In strongly correlated systems like r
earths a multiplet description of the electronic states is v
often appropriate.3 In this case multiplet splitting gives ris
to significant structures in the RXRS spectra and to sign
cant modifications of these features whenhn in is swept
across an absorption edge. The present soft-x-ray experim
allows us to look atd- f transitions governed by the dipol
operator. Previously, the quadrupolar contribution to Gd31

RXRS has been observed in an experiment made on
same garnet with excitation at theL3 absorption edge.

4 Reso-
nant x-ray scattering from rare earths has been shown to
powerful tool also in the resonant Raman regime,5 where the
created core hole is filled through an inner shell transit
from an upper core level. Also in this case, any modificat
of the Raman spectrum when the excitation energy
scanned through the threshold is an indication of multip
splitting effects.
560163-1829/97/56~3!/1279~5!/$10.00
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The importance of multiplet splitting in rare-earthM4,5
absorption is well known, and gives rise to spectral functio
which can be simulated quite accurately with ionic mod
calculations.3 In this connection RXRS experiments add i
formation in spite of the above-mentioned difficulties~count-
ing rate and self-absorption!. In particular we show that in
Gd31 one can measure very small but important details of
spectral function, giving a direct insight in the excitatio
properties of the system. Gd31 is an interesting model system
due to the simplicity of the electronic structure, allowing
rather direct interpretation of the spectral function. W
present results of a RXRS experiment at the GdM5 edge in
the Gd3Ga5O12 garnet. We measure the spectral functi
when a core hole is created close to threshold in the 3d5/2
level, and the 3d94 f n11 excited state decays again into on
of the 3d104 f n configuration multiplet terms,n being the
ground state occupation number, i.e., 7~the Hund rule high-
spin state!. In this way we show final states corresponding
4 f excitation with spin flip in agreement with the prediction
of an ionic multiplet calculation. The garnets are very co
venient, since they are very well-characterized systems. T
particular garnet has the advantage that with our experim
tal setup it is possible to measure simultaneously theM5
emission from Gd~around 1184 eV! and theL3 andL2 emis-
sion from Ga~around 1120 eV!. This helps in the energy
calibration and in the evaluation of the self-absorption c
rections as will be shown below.

II. EXPERIMENT

The experiment was performed on ID12B at the Europe
Synchrotron Radiation Facility in Grenoble. This beamlin6

covers the 500–1600-eV range, and uses a hel
undulator.7 The beamline monochromator is of the Drag
type.8 The Gd M5 RXRS spectra of a Gd3Ga5O12 bulk
sample were recorded with a grating spectrograph allow
parallel acquisition with constant resolution in a 40-eV e
ergy interval. The energy window was centered on the
M5 emission line, and the Ga lines were detected at low
1279 © 1997 The American Physical Society
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resolution~this still allowed to use their energy position fo
energy calibration, and their integrated intensity for intens
cross-check!. This instrument has been extensively describ
elsewhere.9 The spectrograph is matched to the exit slit
the beamline monochromator with a Kirkpatrick-Baez re
cusing optics. In order to increase the counting rate we ch
a 2.5-eV bandpass in the excitation channel, and a 3
bandpass in the analyzer. The typical integrated counting
on the whole Gd peak was 1–1.5 counts/s, with 160 mA
the ring. The sample was a single-crystal platelet havin
well-defined surface. The angle between the sample sur
and the incident beam was 10° to reduce self-absorption.
angle between thek vector of the scattered radiation and t
k vector of the incident photons was 110° in the horizon
plane. The geometrical setup of the experiment is show
Fig. 1.

The x-ray-absorption spectrum was obtained in the sa
apparatus from the sample drain current. The measurem
was optimized by facing a high-voltage electrode to
sample~field around 2 kV/cm! to extract the drain current
avoiding charging. In this case the bandpass in the excita
channel was there set to 0.8 eV.

When measuring the scattering spectra excited below
above threshold, after every 2-h acquisition a reference s
trum was taken with the excitation energy set to the m
absorption peak (hn51184.5 eV), in order to check the sta
bility.

III. RESULTS AND DISCUSSION

A. Experimental results: A qualitative discussion

An overview of the RXRS results are given in Fig.
~lower panel!, where we present the scattering spectral fu
tions normalized to the acquisition time and to the curren
the ring for the excitation energies given by the arrows alo
theM5 absorption spectrum~Fig. 2, upper panel!. The spec-
tra include the resonant Gd contribution and the GaL2,3 fluo-
rescence due to the photons absorbed by Ga 2p well above
threshold ~i.e., in a nonresonant mode!. Some important
trends concerning the shape of the Gd spectra and the in
sity of the Ga and Gd lines are immediately evident fro
Fig. 2.

Shape of the spectra.The Gd spectra excited below and
threshold~cases 1 and 2! are dominated by an elastic pea
found at the energy of the excitation channel within the
curacy allowed by the bandwidth. The position of the elas

FIG. 1. Geometrical setup of the scattering experiment. T
angle between the incoming beam and the sample surfaceu
510°, the scattering angle isb5110°, the angle between the ou
going beam and the normal to the sample surface isf510°, and
the coordinate along the normal isz.
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contribution is marked by the arrows in Fig. 2. It is appare
that the elastic contribution is still present with excitatio
above threshold~cases 3 and 4!, where it becomes a sma
fraction of the total intensity. In all the spectra an inelas
contribution is seen at energies lower than that of the ela
peak, and corresponding to an excited final state obtai
from the decay of the intermediate 3d94 f 8 configuration into
one of the 3d104 f 7 final states. The first excited states a
obviously above the Hund-rule ground state, so that we
pect that the inelastic contribution is due to a 4f spin flip.
This important point will be considered in more detail belo
in the comparison with theory. This will also explain th
evolution of the intensities from cases 1 and 2, dominated
the elastic scattering, to cases 3 and 4, dominated by
inelastic scattering.

Integrated intensities.The intensities of the Ga lines de
pend on the excitation energy in spite of the fact that the
2p excitation cross section is basically constant in our ex
tation range.10 This is due to the removal of photons caus
by the strong absorption of the Gd 3d5/2 level. By using the

e

FIG. 2. Measured scattering spectra~lower panel! from
Gd3Ga5O12 excited at different photon energies indicated by t
arrows along the GdM5 absorption spectrum~upper panel!. The Gd
M5 and GaL2,3 lines have been recorded simultaneously. The v
tical arrows in the lower panel give the position of the elastic sc
tering contribution.
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absorption coefficients to the continuum for Ga and O a
for Gd below threshold from the literature,8 one can calculate
the Gd absorption which is expected on the basis of the m
sured evolution of the Ga intensities. The calculation
simple and reliable since the self-absorption of theL2,3 Ga
fluorescence photons is negligible. The calculated Gd
sorption coefficients follow our absorption measureme
~drain current! within 10%. This is a very important consis
tency test of our absorption coefficients and intensities
this test we have made the implicit assumption that the in
grated intensity of the lines emitted by Ga reproduces the
absorption coefficient. This is a good assumption, since G
excited far from resonance, and therefore the branching r
between radiative and nonradiative decay does not dep
on the excitation energy in our energy range.

It is also possible to extract further information from th
Gd intensities which have a nontrivial dependence on
excitation energy. In fact the scattered intensity from Gd
smaller with excitation at the edge~where the absorption
coefficient has its largest value! than with excitation below
the edge. This is largely due to saturation and self-absorp
effects that modify significantly the measured spectra. A
more fundamental level another possible origin is the exc
tion energy dependence of the branching ratio between
diative and nonradiative Auger decay, preventing the use
total fluorescence to measure the absorption.11 We evaluated
the saturation and self-absorption effects by calculating~on
the basis of the Gd absorption drain current! the total Gd
intensity one would expect with a constant branching ratio
the Auger. The results are affected by the innaccuracy of
parameters, but there is no doubt that self-absorption
saturation are very important since Gd excited at thresh
emits a very strong elastic peak whose intensity ratio
background is about 100. However, this does not explain
whole deviation of the integrated Gd spectra from the
sorption spectrum. The remaining discrepancy can be
plained by assuming that the branching ratio is energy
pendent and increases. According to our evaluation
increases by a factor of 260.2 on passing fromhn in
51184.5 eV tohn in51191.9 eV. The discussion of thi
point is beyond the purpose of the present work, but could
an interesting subject of future research also requir
complementary resonant Auger measurements. In what
lows we greatly simplify the problem by disregarding t
energy dependence of this branching ratio. However, a n
negligible result of the present work is to show that all ma
features of the measured spectra can still be understoo
this simplified scheme.

B. Theoretical results

Here we present the theoretical atomic cross sections
the radiative channel calculated without including the effe
of the bandpass, and saturation and self-absorption eff
This is a rather ideal case which is very illuminating in t
discussion of the experiment.

Spectra were calculated using Cowan’s program.12 The
x-ray inelastic cross section is
d
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3d~Eg1hn in2Ef2hnout!. ~1!

Parameters were obtained within the Hartree-Fock limit, a
scaled down to 80% to account for intra-atomic screeni
effects. For a Gd31 ion the configurations starting from the
ug&5u4 f 7;8S7/2& ground state areun&5u3d94 f 8&, and u f &
5u4 f 7& for the intermediate and final states, respective
The total 3d94 f n11 multiplet structure is extremely com-
plex, and thousands of levels are present for rare earths in
middle of the series. The number of states which can
reached from the ground-state configuration is greatly
duced by dipole selection rulesDJ50,11,21, but is still
very large. After inclusion of the lifetime effects~about 1-eV
Lorentzian broadening13! a simple shape is obtained which
nevertheless carries a lot of important information, as alrea
shown in the simpler problem of core-level absorption.3

Figure 3 shows the results of the calculation in theM5
region as a function of the ingoing energyhn in and of the
transferred energyT5(hn in2hnout) which are the natural
coordinates in the calculation of the cross section with fo
mula ~1!. In an ideal experiment with infinite resolution an
without saturation and self-absorption effects, a measu
spectrum has the shape of a section of Fig. 3 with a verti
plane parallel to the transferred energy axis~the energies
used in the present experiment are given by the arrows!. The
theoretical results of Fig. 3 clearly show the following fea
tures:

~i! The elastic peak~transferred energyT50! is the domi-
nant contribution with excitation at threshold and belo
threshold~within the lifetime broadening!.

FIG. 3. Calculated GdM5 scattering cross section plotted as
function of the ingoing energyhn in and of the transferred energy
T5(hn in2hnout). The arrows along thehn in scale indicate the ex-
citation energies used in the present experiment.



eV
ve
,
ol
ns
e
be
gy
th

th

ex
ur
nt

ie
of

ng

en
a
v

e
lf
th

,
n
he
t
e

su

th
av
ur
rs

in
ng
ro
fu
s
e
d
e
te

o to

ion
de-

e
ses

e-
s at
p-
is
ea-
the

ant
,
the
ht to
stic
and
ive
ass.
pec-
nt
ases

1282 56C. DALLERA et al.
~ii ! The main inelastic region corresponding to about 5-
transferred energy is dominant for excitation well abo
threshold~cases 3 and 4!. This corresponds to the spin flip
so that the final state has lower spin. Although the dip
operator conserves spin it is still possible to make a tra
tion from the octet ground state to a sextet final state sinc
the intermediate state spin is not a good quantum num
The spin-flip transitions mainly occur on the high-ener
side of the edge. We can understand this as follows. Wi
LS coupling the average energy of the 3d94 f 8 intermediate
state withS5 7

2 is lower than of those withS5 5
2. Therefore

the large 3d spin-orbit coupling mixes theS5 7
2 states more

strongly with low-spin states at the high-energy side of
edge compared to the low-energy side.

~iii ! Both the elastic and inelastic features have tails
tending along the incoming energy axes, so that both feat
should be seen in the spectra with a dominant elastic co
bution at low excitation energies~cases 1 and 2! and domi-
nant inelastic contribution at higher excitation energ
~cases 3 and 4!. Note that the resonant excitation of one
the two dominating regions~elastic or inelastic! also slightly
reinforces the tail of the other contribution due to coupli
effects included in formula~1!.

This theoretical behavior is in good qualitative agreem
with the experimental trend presented above. Thus the b
physics of the atomic cross section is directly accessible e
without simulating the experiment in detail.

C. Comparison between theory and experiment

As discussed above, a detailed comparison with the
periment implies a simulation including saturation and se
absorption effects. Before accounting for the bandpass,
has been done by integrating the following formula:

IGd~hn in ,hnout!}E
0

`

s~hn in ,hnout!@exp~2za intot
/sinu!

3exp~2zaouttot
/cosf!#dz, ~2!

where IGd(hn in ,hnout) is the measured Gd spectrum
s(hn in ,hnout) is the theoretical Gd scattering cross sectio
a intot is the total absorption coefficient at the energy of t
incoming photon,aouttot is the total absorption coefficient a
the energy of the outgoing photon,u is the angle between th
incoming beam and the sample surface,f is the angle be-
tween the outgoing beam and the normal to the sample
face, andz is the coordinate normal to the surface~see Fig.
1!. This formula assumes that the branching ratio with
Auger decay channel is constant. In the formula we h
used the absorption coefficients taken from spectra meas
in the transmission mode which perfectly agree with ou
and which provided us with absolute values.14 After that we
accounted for all bandpass effects. Note that, before do
this, each elementary calculated spectrum due to a si
energy within the excitation bandpass has to be shifted p
erly, since the experimental spectra are measured as a
tion of hnout while the theoretical spectra are calculated a
function of T5(hn in2hnout). The simulated spectra ar
given in Fig. 4~solid heavy lines!, where they are compare
with the measurements after normalization to the same p
height. We are only interested in the shapes, since the in
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sities can be affected by the nonconstant branching rati
the Auger decay channel. The spectra are plotted vshnout,
and this is very useful to understand how self-absorpt
affects the measurements. Each theoretical spectrum is
composed into the elastic~thin solid line! and inelastic
~dashed line! contributions. The vertical heavy dashed lin
gives the ideal elastic contribution whose energy increa
linearly with hn in . In the simulation a small deviation with
respect to this position is found only for the elastic line b
low threshold, since the bandpass includes contribution
different energies with very different weights due to the ra
idly increasing absorption coefficient below threshold. Th
effect is also clearly seen in the measurements. In each m
sured spectrum the data points are plotted together with
theoretical shape of the dominant contribution~elastic in

FIG. 4. Comparison between theory and experiment in reson
soft-x-ray scattering from Gd3Ga5O12. The theoretical simulation
including saturation and self-absorption effects, is given by
heavy solid lines. The spectra are normalized to the same heig
emphasize the modification of the shape. The inelastic and ela
contributions to the theoretical spectra are given by the dashed
thin solid lines, respectively. The heavy vertical dashed lines g
the peak position of an elastic experiment with vanishing bandp
The measurements are given by the dots. Each experimental s
trum is well fitted by the theoretical curve given by the domina
theoretical contribution to the spectra, i.e., the elastic peak in c
1 and 2, and the inelastic peak in cases 3 and 4.



th
tl
to
ri
e
n
t
d
en
d
o
ib
tio
-
o
rr
m
he
n
u
th
th
th
ox
s
c
g
ve

pe

soft-

ns
-
the
be-
he

as
al-
lf-
hing
for

t ac-

nce
s
re-

ul
r an
ty

56 1283RESONANT SOFT-X-RAY INELASTIC SCATTERING . . .
cases 1 and 2, and inelastic in cases 3 and 4!. This gives an
excellent fit of the spectra, and clearly puts into evidence
minority contributions where all data points are consisten
above the fitting lines. This minority contribution is due
inelastic scattering in cases 1 and 2, and to elastic scatte
in cases 3 and 4. We find an excellent agreement betw
theory and experiment as far as the dominant contributio
the spectra is concerned. Also, the separation between
elastic and inelastic features, which is the energy neede
flip a spin, is very consistent between theory and experim
It should be noted that the inelastic peaks in cases 3 an
correspond to scattered photons having energies close t
very strong Gd absorption peak, so that a non-neglig
line-shape distortion is generated with respect to the sec
with vertical planes at constanthn in of the atomic cross sec
tions given in Fig. 3. The measurements allow us to sh
also the small elastic contributions in cases 3 and 4, co
sponding to less than 1% of the peak value of the ato
cross section, showing the sensitivity which can be reac
with synchrotrons of the third generation. On the other ha
the relative intensities of the dominant and minor contrib
tions to the spectra are only in qualitative agreement with
theory. This point cannot be discussed in depth within
present scheme, due partly to the difficulties in making
self-absorption corrections but also because of the appr
mation of a constant branching ratio to the Auger proce
However, the agreement between theory and experiment
be considered very satisfactory, so that the present data
for the first time, to our knowledge, direct and conclusi
evidence of spin-flip excitations at theM threshold of rare
earths with a good description of the spin-flip line sha
.
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This result in the Gd case is analogous to thed-d excitations
of the high-spin Mn d5 configuration in MnO recently
observed15 with resonant inelastic soft-x-ray scattering.

IV. CONCLUSIONS

We have presented experimental results for resonant
x-ray scattering across theM5 edge of Gd in Gd3Ga5O12,
showing a significant modification of the spectral functio
when the excitation energy spans the 3d-4 f resonance. Be
low and near the edge the scattering is dominated by
elastic contribution, whereas the inelastic contribution
comes dominant with excitation well above the edge. T
inelastic contribution is due to the 4f spin-flip process,
bringing Gd to a lower spin configuration in the final state,
shown clearly by a detailed comparison with multiplet c
culations in an ionic model. A simulation including se
absorption and saturation and having a constant branc
ratio between radiative and nonradiative decay accounts
all the measured features. Thus the method gives direc
cess to the energy scale characteristic of the 4f spin flip. To
the authors’ knowledge this is the first experimental evide
of this kind based on resonantM -edge x-ray scattering. Thi
approach is potentially interesting in many situations in ra
earth spectroscopy.
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